INTRODUCTION
============

Gap junction channels, composed of membrane proteins with four transmembrane helices, function as an oligomeric conduit that penetrates lipid bilayers of adjacent cells. A full gap junction channel is generated by the docking of two opposing hemichannels. These channels mediate intercellular communications that play substantial roles in a variety of biologic events, including development, inflammation, cell death, immune responses, and muscle contractions ([@R1]). Gap junction channel malfunction causes various human inherited diseases ([@R2]). Elucidating the structural and functional bases of gap junction channels is therefore important for the development of therapies and drugs to treat these diseases.

Gap junction channels are generally found in most multicellular organisms, but the component peptides vary. Connexins are found in chordates and innexins are widely found in pre-chordates, and the two families share almost no amino acid sequence similarity ([@R3]). The membrane topology of these two types of gap junction channels, however, is the same, i.e., four transmembrane helices (TM1 to TM4), two extracellular loops (E1 and E2), and cytoplasmic domains containing an N terminus, a cytoplasmic loop, and a C terminus, as confirmed by high-resolution structures of connexin26 (Cx26), connexin46/50 (Cx46/50), and innexin-6 (INX-6) determined by x-ray or cryo--electron microscopy (cryo-EM) ([@R4]--[@R7]). These two types of gap junction channels also have high structural similarity in terms of their helical arrangements, despite a different oligomeric number and lack of sequence similarity ([@R6]). In addition, genome sequence projects revealed that two non-gap junction channel proteins in mammals---LRRC8, which is a family of volume-regulated anion channels, and pannexin, which could be a family of adenosine 5′-triphosphate (ATP) release channels---form sister groups of innexin with weak homology ([@R8]). Most recently, structural studies using cryo-EM revealed that LRRC8A has a structural arrangement of four transmembrane domains similar to INX-6 and Cx26 ([@R9]--[@R11]). Thus, the structural study of innexin may also enhance our understanding of these non-gap junction proteins in mammals.

A common characteristic of connexins and INX-6 is the pore size, which is quite large compared with general tetrameric channel assemblies. Connexin channels may have multiple regulatory mechanisms for closing the channel ([@R12], [@R13]), and thus, the structural basis of the gating mechanism might be complex. There are two closure models, subunit rotation and physical blockage of the pore, but both are based on low-resolution structural studies ([@R14], [@R15]). The three high-resolution structures of gap junction channels show a constriction surrounded by the N-terminal funnel with a diameter greater than 10 Å, which would allow the passage of hydrated ions such as K^+^ and Na^+^ (\~8 Å diameter), and are therefore thought to be in an open conformation ([@R4], [@R6], [@R7]). On the basis of recent Cx26 x-ray structures in which the N-terminal portion was not resolved, Bennett *et al*. ([@R5]) proposed that an electrostatic barrier in the pore pathway contributes to an ionic conduction block in larger size pores. How complete closure of a pore this large is achieved, however, remains an unanswered question due to the lack of high-resolution gap junction structures in an explicitly closed conformation, in contrast to voltage-gated ion channels for which the gating mechanism is well studied ([@R16]--[@R18]).

A possible explanation is the involvement of lipid molecules. All of the previously described high-resolution structures of gap junction proteins were determined in the absence of lipids ([@R4], [@R6], [@R7]). Here, we obtained the cryo-EM structure of the wild-type (WT) INX-6 undocked hemichannel reconstituted in a nanodisc. We also investigated the structures of undocked hemichannels of an INX-6 N-terminal deletion mutant (INX-6ΔN) in a nanodisc and WT INX-6 in detergent micelles. Combined with molecular dynamics (MD) simulations and functional analyses with electrophysiology, our observations supply a potential explanation for the N-terminal rearrangement after an INX-6 hemichannel is configured in the lipid bilayer, providing insight into how the large size pore of INX-6 is sealed before functioning as a docked junction channel.

RESULTS
=======

Cryo-EM structure of an undocked hemichannel of WT INX-6 in a nanodisc
----------------------------------------------------------------------

We previously reported the structure of WT INX-6 in a docked junction form surrounded by detergent ([@R6]). The undocked hemichannels of INX-6 were prepared by a NaCl concentration of 150 mM at all purification steps. To investigate the structure in a lipid bilayer, we reconstituted undocked WT INX-6 hemichannels in nanodiscs using the membrane scaffold protein 2N2 (MSP2N2) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), as confirmed by Coomassie brilliant blue--stained gel and negatively stained electron micrographs (fig. S1A). After collecting the cryo-EM data (fig. S1B), particles categorized as undocked hemichannels were selected for two-dimensional (2D) classification (fig. S1C). The finally obtained 3D reconstruction represented an undocked channel in a nanodisc at 3.8 Å resolution ([Fig. 1A](#F1){ref-type="fig"}; fig. S1, D to H; and table S1).

![Cryo-EM structure of the undocked INX-6 hemichannel in a nanodisc.\
(**A**) The 3D reconstruction of a nanodisc-reconstituted WT INX-6 hemichannel viewed parallel to the membrane. The subunit highlighted in blue represents a monomer. The map contour level is 2σ. (**B**) Octameric (left) and monomeric (right) ribbon models of an undocked hemichannel of WT INX-6 in a nanodisc. A single subunit of the octamer is indicated in dark blue, the extracted monomer is in rainbow colors, and the lipid bilayer boundary is indicated by a gray band. The N-terminal residue is assigned from S16. S16, I52, and G53 are represented in stick style. The four transmembrane helices are indicated as TM1 to TM4. (**C**) Comparison of the extracellular docking surface of WT INX-6. (Left) Ribbon style model and density map (surface representation in gray) of the nanodisc-reconstituted undocked hemichannel are superimposed. Disordered peptides of the E1 outer lobe and E2 loop are shown as dashed lines, and the flanking residues of L86, S101, N251, and T262 are indicated. (Right) Ribbon style model of a docked junction channel (PDB: 5H1R) ([@R6]). The amino acid side chains that participate in the hydrogen bonds are depicted in stick style and are all included in the disordered regions in the undocked hemichannel. The map contour level is 2σ. (**D**) Sliced views of the Gaussian-filtered 3D density map of the undocked WT INX-6 hemichannel as a vertical cross section (left) and cytoplasmic top view of the slab surface (right). Slab thickness corresponds to the bracket in a side view (left). The surrounding nanodisc densities are shown in magenta, and the double-layer densities that obstruct the pore are shown in green. Newly observed densities X and Y are shown in slate and orange, respectively. The map contour level is 1.5σ. (**E**) Positional relationship of density Y to TM1 of WT INX-6. Density Y is located within a distance of less than 10 Å from A27, the closest residue in TM1 to density Y. The map contour level is 2σ.](aax3157-F1){#F1}

The overall architecture of the undocked WT INX-6 hemichannel was highly consistent with the octameric hemichannel part of an INX-6 docked junction channel in detergent micelles ([@R6]), as we observed no marked conformational change in the transmembrane domains or dome-like helix-rich cytoplasmic domains (C-dome) ([Fig. 1B](#F1){ref-type="fig"}). Although the densities of I52 and G53, which connect TM1 and E1, became clearer (fig. S1G), the extracellular domains of E1 and E2 remained poorly resolved. The antiparallel E2 β sheets mostly disappeared, and the hairpin loop was disordered from R252 to D261 ([Fig. 1C](#F1){ref-type="fig"} and fig. S2, A and B), including R254, Q259, L260, and D261, which participate in the polar interactions between the opposed INX-6 hemichannels (figs. S2B and S3) ([@R6]). The E1 outer lobe contained relaxed and disordered residues from D87 to V100, which prevent the E1 outer lobe from interfacing with the opposed hemichannel ([Fig. 1C](#F1){ref-type="fig"} and fig. S2, A and B). As a result, the undocked INX-6 hemichannel does not have an adequate extracellular cavity to accommodate the E2 β hairpin loop of the opposed hemichannel, consistent with the observation that the docking interface of two opposing INX-6 hemichannels is maintained by the opposing E1 outer lobes and E2 β hairpins ([@R6]). The contribution of the E2 loop to the docking interface is consistent with connexin channels, in which the determinant of the docking specificity is located in the E2 loop ([@R19], [@R20]). On the other hand, the E1 inner lobe between E1β and E1H does not change markedly (fig. S2C). The side chains of W59 to Q67 are oriented inside, slightly closer to the pore center, but still create a wide pore diameter of 16 Å (fig. S2, E and F). While both the E1 and E2 of Cx26 and Cx46/50 are involved in the polar interactions on the docking surface ([@R4], [@R7]), the E1 of INX-6 does not contain any hydrogen bonds to the opposed interface ([@R6]). These findings suggest that the functional significance of the E1 of INX-6 is likely different from that of the connexin family proteins.

The 3D map of a WT INX-6 hemichannel in a nanodisc has distinctive features. One is the flat double-layer densities along the membrane plane inside the pore that can obstruct the passage ([Fig. 1D](#F1){ref-type="fig"}, green densities), and thereby no pore funnel-like conformation is observed. Additional bulb densities are observed at the border of the cytoplasmic and transmembrane domains. The bulbs located in the pore region, referred to as density X ([Fig. 1D](#F1){ref-type="fig"}, slate-colored densities), are near the cytoplasmic end of TM1. The distribution is close to the position of the N-terminal funnel, which is formed in the pore of the docked junction channel of INX-6 in a solubilized form ([@R6]). The other density, referred to as density Y, appears as a wedge between the adjacent subunits and orients to the outside of the pore ([Fig. 1D](#F1){ref-type="fig"}, orange densities). The distribution is close to A27 of TM1 (\<10 Å; [Fig. 1E](#F1){ref-type="fig"}). Because assigning amino acid residues to these blob densities should be performed cautiously, the following two cryo-EM structures were determined.

Undocked WT INX-6 hemichannel in detergent reveals an N-terminal funnel
-----------------------------------------------------------------------

We obtained a cryo-EM structure of the undocked WT INX-6 hemichannel in detergent micelles prepared using GraDeR ([@R21]). After GraDeR, the glycerol was removed by dialysis in 50 mM NaCl, yielding mostly undocked hemichannels of INX-6 (fig. S4A). Following the cryo-EM data collection and image processing, the final resolution of the postprocessed map was estimated to be 3.8 Å using golden standard Fourier shell correlation ([@R22]) analysis (fig. S4, B to G, and table S1).

In the hemichannel structure of WT INX-6 in detergent, the extracellular E1 outer lobe and antiparallel E2 β sheets were poorly resolved, but the constriction formed by the E1 inner lobe had a diameter of 17 Å (fig. S4H). The N-terminal funnel was clearly observed in the pore ([Fig. 2A](#F2){ref-type="fig"}), generating a wide-open pore, although the assigned residue began from N12 ([Fig. 2B](#F2){ref-type="fig"}). In contrast to the structure reconstituted in a nanodisc, neither densities X and Y nor the double-layer pore densities are observed in detergent ([Fig. 2A](#F2){ref-type="fig"}). I52 and G53 were disordered ([Fig. 2B](#F2){ref-type="fig"}), suggesting that the stability of the TM1 extracellular side is linked with the N-terminal arrangement and lipid bilayer environment. Because a pore funnel is also commonly observed in the INX-6 docked junction structure ([@R6]), the INX-6 N termini generally assume a funnel configuration in detergent regardless of the form---docked or undocked. The N-terminal funnel was similarly observed in the Cx26 x-ray 3D structure crystallized with detergent micelles ([@R4]) and in the Cx46/50 structure surrounded by amphipol ([@R7]). These observations indicate that densities X and Y and double-layer pore densities found in the nanodisc-reconstituted WT INX-6 hemichannel ([Fig. 1D](#F1){ref-type="fig"}) are not a consequence of undocking events between two opposing hemichannels but are due to the reconstitution into a lipid bilayer.

![Undocked hemichannel structures of WT INX-6 in detergent and INX-6ΔN in a nanodisc.\
(**A**) Sliced views of the Gaussian-filtered 3D density map of WT INX-6 in detergent. The surrounding detergent densities are shown in pink, and the N-terminal funnels are shown in red. The ribbon style model is superimposed. The map contour level is 1.5σ. (**B**) Ribbon style model of a monomeric structure of WT INX-6 in detergent. The assigned residues at the N terminus begin from N12 (shown in stick style), and the I52 and G53 residues are not visible due to disorder. (**C**) Sliced views of the Gaussian-filtered 3D density map of INX-6**Δ**N in a nanodisc. The densities corresponding to the nanodisc are shown in magenta, and the ribbon style model is superimposed. The double-layer densities in the pore are shown in green. The thickness of the top view slab is indicated by the bracket in the side view. The map contour level is 1.5σ. (**D**) Comparison of WT INX-6 to INX-6**Δ**N in nanodiscs. A subtraction map of INX-6**Δ**N from WT INX-6 (blue) is superimposed on the structure of INX-6**Δ**N (yellow), where the represented slab corresponds to the bracket in (C). The map contour level is 3σ.](aax3157-F2){#F2}

Structure of an undocked hemichannel of the N-terminal--deleted INX-6 in a nanodisc
-----------------------------------------------------------------------------------

We previously reported the 3D reconstruction of INX-6ΔN (referring to the N-terminal deletion of residues 2 to 19 unless otherwise noted) by electron crystallography at 10 Å resolution ([@R23]). The same construct was used in this study to further investigate the difference from WT INX-6 in nanodiscs. The undocked INX-6ΔN hemichannels were purified and reconstituted in nanodiscs, and cryo-EM analysis was used to determine the structure of the final 3D reconstruction at 3.6 Å (fig. S5, A to G, and table S1).

The map of INX-6ΔN shows flat double-layer densities in the pore ([Fig. 2C](#F2){ref-type="fig"}), as in the nanodisc-reconstituted WT INX-6 structure ([Fig. 1D](#F1){ref-type="fig"}). These flat densities are therefore encompassed during the nanodisc formation process but not derived from the N terminus of INX-6. Bulb densities X and Y do not appear in the INX-6ΔN map, as supported by the difference map focusing on the transmembrane domains ([Fig. 2D](#F2){ref-type="fig"}). This observation reveals that the INX-6 N termini contribute to densities X and Y. Currently, the N-terminal helix (NTH) is simply placed on density X because the distribution is very close to the N-terminal funnel of solubilized connexin and innexin observed in the pore ([Fig. 2A](#F2){ref-type="fig"}) ([@R4], [@R6], [@R7]). As mentioned above, the distance between TM1 and density Y is sufficiently small for the NTH to reach ([Fig. 1E](#F1){ref-type="fig"}). These bulb densities X and Y may represent a different distribution probability of the N terminus that can assume flexible conformations in and around the pore at random when the hemichannel is embedded in a lipid bilayer.

MD simulation study of the INX-6 hemichannels
---------------------------------------------

As observed in the hemichannel structures in nanodiscs, it is likely that phospholipids exist inside the pore when the channel is reconstituted in a lipid bilayer and presumably in native membranes as well. To study the accessibility of phospholipids around the INX-6 hemichannel, we performed the MD simulations of all three INX-6 structures virtually embedded in POPC phospholipids with a calculation time of 100 ns (120 ns for INX-6ΔN; [Fig. 3](#F3){ref-type="fig"} and fig. S6). For the WT INX-6-- and INX-6ΔN--in--nanodisc models, POPC molecules were initially distributed inside and outside the channel but not between the subunits. For the WT INX-6--in--detergent model, POPC molecules were located only outside the channel because of the wide-open pore pathway. After MD simulation, we observed that the POPC molecules were located between adjacent subunits in the transmembrane region in all three structures ([Fig. 3, A to C](#F3){ref-type="fig"}), and specifically, the lipids from outside and inside the channel contacted each other in the nanodisc models ([Fig. 3, A and B](#F3){ref-type="fig"}). The transmembrane helix bundles of INX-6 do not have lateral interactions between adjacent subunits ([@R23]), where the unassigned densities, possibly detergent or lipid, are observed in the high-resolution structure of INX-6 ([@R6]). In the present study, these unassigned densities were consistently observed in the three structures ([Fig. 3, D to F](#F3){ref-type="fig"}). The MD simulation suggests that phospholipids around the INX-6 hemichannel could penetrate the spaces flanked by the transmembrane helix bundles of the adjacent subunits.

![MD simulation of the undocked INX-6 hemichannels embedded in phospholipids and unassigned densities in cryo-EM maps.\
(**A** to **C**) The final models of the three atomic structures obtained by cryo-EM in this work after independently performed MD simulations in POPC for 100 ns \[120 ns for (B)\]. Slab sections of WT INX-6 in a nanodisc (A), INX-6**Δ**N in a nanodisc (B), and WT INX-6 in detergent (C) corresponding to the transmembrane domain along with POPC molecules are viewed from the cytoplasmic side. POPC models that are inserted in the space between adjacent subunits are indicated by red circles. (**D** to **F**) Unassigned densities (red circles) observed in the space between transmembrane helix bundles of adjacent subunits of WT INX-6 in a nanodisc (D), INX-6**Δ**N in a nanodisc (E), and WT INX-6 in detergent (F) viewed from the orientation horizontal to the membrane plane.](aax3157-F3){#F3}

The N terminus is required for the normal function of INX-6 hemichannels
------------------------------------------------------------------------

To investigate the functional importance of the N terminus in undocked INX-6 hemichannels and the functionality of the INX-6 constructs used for our cryo-EM study, we measured hemichannel currents in single oocytes injected with complementary RNA (cRNA) derived from WT INX-6 and a series of various INX-6ΔNs. While membrane currents were observed for WT INX-6 depending on the applied membrane potential, all other mutants except for the INX-6ΔN2-3 mutant (N-terminal deletion of residues 2 and 3) exhibited no activity compared with background levels ([Fig. 4, A and B](#F4){ref-type="fig"}). The WT activity was inhibited by 10 μM carbenoxolone, indicating that the observed currents derived from the INX-6 hemichannels ([Fig. 4A](#F4){ref-type="fig"}). To measure the inhibitory effect of the nonfunctional deletion mutants, the mutants of INX-6ΔN2-6 (N-terminal deletion of residues 2 to 6) and INX-6ΔN2-19 (N-terminal deletion of residues 2 to 19, used for cryo-EM) were coinjected with WT INX-6 in a single oocyte. The measured current represented a strong dominant negative effect induced by INX-6ΔN2-6 and INX-6ΔN2-19 ([Fig. 4A](#F4){ref-type="fig"}). We also observed that oocytes injected with WT INX-6--green fluorescent protein (GFP) (C-terminal GFP fusion), INX-6ΔN2-19--GFP, and WT INX-6--GFP coinjected with INX-6ΔN2-19 without tag exhibited the fluorescence signals at the plasma membrane of Xenopus oocytes (fig. S7, A to D). These suggest that the nonfunctional mutant peptides have the potential to form heteromeric hemichannels at the oocyte plasma membrane. As the N-terminal deletion of five residues (2 to 6) is sufficient to completely suppress the WT activity ([Fig. 4A](#F4){ref-type="fig"}), a nearly intact N terminus is required to exhibit the electrical functionality of the undocked INX-6 hemichannel. These findings suggest that the construct of WT INX-6 used for the cryo-EM study can open the pore at the oocyte plasma membrane.

![Functional analysis of INX-6 hemichannels with single Xenopus oocyte voltage clamp.\
(**A**) Measured hemichannel currents of INX-6 and negative control (H~2~O) at 50 mV and steady state. Error bars correspond to SE (\**P* \< 0.05 and \*\*\**P* \< 0.001). (**B**) Representative currents of WT INX-6 (top) and INX-6**Δ**N2-19 (bottom). The applied membrane potential is increased from −30 to +50 mV in 10-mV steps.](aax3157-F4){#F4}

DISCUSSION
==========

The high-resolution structures of gap junction channels so far reported are all in a solubilized form surrounded by detergent micelles or amphipol and exhibit a wide pore pathway ([@R4]--[@R7]). As the pore size of gap junction channels is much larger than that of most other ion channels, it has remained a puzzling question how such a large-sized pore can be completely closed when the channel is in a closed state. Here, we describe the first high-resolution structure of a gap junction hemichannel embedded in a lipid bilayer. Although there is no reliable way to label lipid molecules in a cryo-EM map, comparison of our three structures suggests that the double-layer densities obstructing the pore in nanodisc-reconstituted hemichannels correspond to phospholipids. It should, however, be noted that we cannot rule out the possibility that these double-layer densities appeared due to artificial effects, such as the nanodisc reaction and use of solubilized POPC without native components. It should also be considered that the N terminus of INX-6 partially contributes to these densities along with phospholipids, as the N-terminal residues are not fully resolved in the structures. On the other hand, the contribution of lipid molecules to a protein structure has often been suggested.

In a previous study using EM crystallography, an unassigned density was observed in the middle of a rotor ring of an ATP synthase ([@R24]), which was estimated to comprise phospholipids ([@R25]). A crystal structure of the K ring of bacterial V--adenosine triphosphatase (ATPase) also has lipids on the inside surface of the rotor ring ([@R26]), while a recent high-resolution cryo-EM structure of a V-ATPase V~o~ proton channel reconstituted in a nanodisc exhibited helices instead of lipids inside the rotor ring ([@R27]). Excluding the double-layer densities in the pore of WT INX-6 in a nanodisc, the pore diameter of 30 to 40 Å (fig. S2, E and F) is similar to the rotor ring diameters of V-ATPase ([@R26]) and *F*~o~*F*~1~-ATP synthase ([@R28]), and it is thus not surprising that lipids or helices occupy a space of this size when synthesized peptides are oligomerized in the membrane. In tetrameric ion channels, the side fenestrations of TWIK-1 are occupied by lipid alkyl chains having access to the ion-conducting pore ([@R29]). A lipid blockade gating hypothesis has alternatively been proposed for TRAAK ([@R30]). If the lipid bilayer environment is related to the INX-6 channel function, protein-lipid interactions should be further studied to clarify the mechanisms of gap junction channel closure. Pore obstruction with phospholipids may explain how closure of an undocked hemichannel is facilitated in a lipid bilayer environment ([Fig. 5A](#F5){ref-type="fig"}).

![Schematic representation of the N-terminal rearrangement of the INX-6 undocked hemichannel in the lipid bilayer environment.\
(**A**) INX-6 hemichannel embedded in phospholipids. Instead of the no-funnel configuration, the NTH is rearranged, and possibly the phospholipids enter the pore. The N terminus might be deflected toward the outside of the channel (dotted lines). (**B**) INX-6 hemichannel surrounded by detergent micelles. NTHs form a funnel configuration with a wide-open pore. The constriction is formed by the E1 inner lobes but may not be the smallest because more than 10 residues at the N terminus are still disordered.](aax3157-F5){#F5}

The hemichannel structure of WT INX-6 in detergent shows a large pore pathway surrounded by the N-terminal funnel ([Fig. 5B](#F5){ref-type="fig"}). As for connexin channels, evidence suggests that the N-terminal deletions and mutations tend to decrease connexin channel functionality ([@R31]--[@R34]), in accordance with previous and current functional findings regarding innexins ([Fig. 4](#F4){ref-type="fig"}) ([@R23], [@R35]). These findings would be reasonable if intact N termini can form an appropriate open pore funnel whereby a functional conduit is generated. The N-terminal funnel has been described in three previous reports ([@R4], [@R6], [@R7]). It is intuitively interpreted as an open conformation, but the movement of the N-terminal portions has remained unclear. A low-resolution 3D reconstruction of Cx43 ([@R36]) and recent x-ray structures of Cx26 ([@R5]) do not show the N-terminal domain densities, suggesting high flexibility of the connexin N terminus. In the case of tetrameric assembly channels, no major conformational change has been observed between those in detergent and those in nanodiscs ([@R37]), but reconstitution in nanodiscs allows a detailed structural analysis in a more stable environment ([@R38]). In this study, the N-terminal arrangement of WT INX-6 in a nanodisc is distinct from a funnel configuration in detergent. Although it is possible that the N-terminal rearrangement is not shared between the innexin and connexin families, our results suggest high flexibility of the INX-6 N terminus that allows not only for assuming a funnel conformation but also an alternative conformation depending on the presence or absence of phospholipids. Considering the involvement of lipid molecules in the N-terminal rearrangement, the closure mechanism of gap junction channels is likely much more complicated than a simple plug in the pore by the N-terminal assembly ([@R15], [@R39]), especially when a gap junction channel is reconstituted in a lipid bilayer, such as in 2D crystals ([@R15], [@R23]).

Sensitivity to the transjunctional voltage gating property is observed in other innexin channels ([@R40]). For connexins, transjunctional voltage-dependent gating may be initiated by movement of an N-terminal voltage sensor ([@R41]--[@R43]). The findings of the present study should be carefully considered in this context. Although the INX-6 hemichannels exhibited voltage-dependent changes in the open probability ([Fig. 4B](#F4){ref-type="fig"}), it is unclear in our cryo-EM structures whether the lipid-mediated N-terminal rearrangement is associated with the voltage-dependent behavior. Further studies are necessary to determine the trigger for conformational changes of the N-terminal domain of gap junction channels in vivo.

MATERIALS AND METHODS
=====================

Protein expression and purification of the undocked INX-6 hemichannels
----------------------------------------------------------------------

WT and INX-6ΔN (N-terminal residues 2 to 19 are deleted) were derived from our previous studies ([@R23], [@R44]). In this work, INX-6ΔN corresponds to the deletion of residues 2 to 19 unless otherwise noted. All three INX-6 constructs contain GFP plus an 8×-histidine tag at the C terminus and were expressed and purified from Sf9 cells as described previously ([@R6], [@R44]). Briefly, Sf9 cells cultured at 27°C were infected with the recombinant virus and harvested 46 to 48 hours after infection. The following processes were all performed at 4°C. The harvested cells were sonicated for 90 s in a buffer containing 10 mM tris (pH 7.5), 150 mM NaCl, and 1 mM phenylmethylsulfonyl fluoride and centrifuged at 12,000 rpm (22,100*g*) for 25 min with a JA-14 rotor. The isolated membrane was solubilized in buffer containing 10 mM tris (pH 7.5), 150 mM NaCl, and 2% (w/w) *n*-dodecyl-β-[d]{.smallcaps}-maltopyranoside (Anatrace) and mixed by rotation for 30 min. The mixture was then centrifuged at 12,000*g* for 10 min, and the supernatant was bound to Ni--nitrilotriacetic acid agarose (Qiagen). The protein-bound resins were washed with buffer containing 10 mM tris (pH 7.5), 150 mM NaCl, 10 mM [l]{.smallcaps}-histidine, and 0.1% digitonin (Wako) and eluted with 300 mM [l]{.smallcaps}-histidine. After digesting the C-terminal tag, gel filtration in buffer \[10 mM tris (pH 7.5), 150 mM NaCl, and 0.05% *n*-dodecyl-β-[d]{.smallcaps}-maltopyranoside\] with a Superose 6 Increase 10/300 GL column (GE Healthcare) was performed to separate the protein into fractions. In the gel filtration step, it is important to keep 150 mM NaCl and to use *n*-dodecyl-β-[d]{.smallcaps}-maltopyranoside to purify mostly undocked hemichannels. Peak fractions for INX-6 hemichannels were collected for further experiments.

Preparation of undocked INX-6 hemichannels for cryo-EM using nanodiscs and GraDeR
---------------------------------------------------------------------------------

The INX-6 hemichannels were reconstituted into nanodiscs following the method described previously ([@R38]). Briefly, fractions of purified INX-6 containing hemichannels were mixed with POPC (Avanti Polar Lipids) at 10 mg ml^−1^ and MSP2N2 at 9.5 mg ml^−1^. The reconstitution was obtained at a molar ratio of INX-6:MSP2N2:POPC = 1:0.75:100 for WT and 1:0.5:30 for INX-6ΔN. Bio-beads SM-2 resin (Bio-Rad) was added to the mixture to initiate the nanodisc reconstitution reaction by removing the detergents. The mixture was incubated overnight at 4°C with constant rotation. The bio-beads were removed, and the mixture was cleared of debris by ultracentrifugation. The supernatant was loaded onto a Superose 6 Increase 10/300 GL column (GE Healthcare) in buffer without detergent \[10 mM tris and 150 mM NaCl (pH 7.5)\]. Reconstitution was assessed by fluorescence-detection size exclusion chromatography ([@R45]), SDS--polyacrylamide gel electrophoresis, and negative-stain EM. Peak fractions corresponding to reconstituted INX-6 hemichannels in lipid nanodiscs were collected and submitted to cryo-EM.

GraDeR ([@R21]) was performed according to a previous study ([@R6]), with minor modifications. Lauryl maltose neopentyl glycol (Anatrace) was added to the gel filtration fraction of INX-6 at a final concentration of 0.02%. Buffer A \[10 mM tris (pH 7.5), 150 mM NaCl, 5% glycerol, and 0.003% lauryl maltose neopentyl glycol\] was used for the top layer, and buffer B \[10 mM tris (pH 7.5), 150 mM NaCl, and 25% glycerol\] was used for the bottom layer. After stacking the buffers, the gradient was generated with Gradient Master 108 (BioComp Instruments). The solution containing the WT INX-6 hemichannels was loaded on the top of the gradient and centrifuged at 35,000 rpm (209,678*g*) for 18 hours at 4°C with an SW41Ti rotor. The solution was recovered as fractions using a peristaltic pump and analyzed by fluorescence-detection size exclusion chromatography. The INX-6 solutions were dialyzed against a 10 mM tris (pH 7.5), 50 mM NaCl buffer for 1 hour at 4°C and pooled for cryo-EM. The condition of 50 mM NaCl is also important to facilitate undocked hemichannels.

Cryo-EM for undocked INX-6 hemichannels
---------------------------------------

All cryo-EM grids were preirradiated overnight with an electron beam and glow-discharged. The proteins for cryo-EM were concentrated at 2 to 4 mg ml^−1^. For WT INX-6 in nanodiscs, 2 μl of the protein solution was placed on 200-mesh Quantifoil R1.2/1.3 molybdenum grids and plunged into liquid ethane with Vitrobot Mark IV (Thermo Fisher Scientific). The applied parameters were as follows: blotting force, 3; blotting time, 4 s; and 100% humidity at 4°C. For INX-6ΔN in nanodiscs and WT INX-6 in detergent, 200-mesh Quantifoil R2/2 molybdenum grids were used. The protein solution (1.5 μl) was placed on a grid, excess solution was manually blotted for 5 s at room temperature, and the grid was plunged into liquid ethane with a manual plunger on KF-80 (formerly Reichert-Jung).

The data were collected using a JEM-3000SFF (JEOL) electron microscope at 300 kV equipped with a K2 summit direct electron detector camera (Gatan). The images were recorded at a magnification of ×40,600 at a temperature of 80 to 100 K. The superresolution mode (7420 × 7676 pixels) with a pixel size of 0.616 Å at the specimen level was used for WT INX-6 in nanodiscs, and the electron counting mode (3710 × 3838 pixels) with a pixel size of 1.232 Å was used for INX-6ΔN in nanodiscs and WT INX-6 in detergent. The dose rate was 10.5 e^−^ per physical pixel per second, corresponding to 6.9 e^−^ per Å^2^ at the specimen level. The exposure time was 6.0 s, resulting in an accumulated dose of 41.5 e^−^ per Å^2^. Each image includes 20 fractioned frames for the superresolution mode and 30 frames for the electron counting mode, and the last few frames were removed to adjust the total dose to 35 e^−^ per Å^2^.

For image processing of WT INX-6 in nanodiscs, the dose-fractioned images in the superresolution mode were binned 2 × 2 by Fourier cropping, resulting in 3710 × 3838 pixels with a pixel size of 1.232 Å. All of the stacked frames were subjected to motion correction with MotionCorr2 ([@R46]). Defocus was estimated using CTFFIND4 ([@R47]). A total of 258,673 particles were selected using EMAN2 ([@R48]) with a box size of 180 × 180 pixels from 928 micrographs, which also generated the initial 3D model with 43,810 particles. The particles were transmitted to RELION2.0 ([@R49]), 121,699 particles were selected by 2D classification, and the particles were divided into four classes by 3D classification, resulting in only one good class containing 40,359 particles. The 3D autorefinement with C8 symmetry produced a map at 4.0 Å resolution, and the final resolution after masking and postprocessing was 3.8 Å, based on the gold standard Fourier shell correlation using a criterion of 0.143 ([@R22]). For INX-6ΔN in nanodiscs and WT INX-6 in detergent, the micrographs were processed similarly but modified for electron counting mode recording. The stacked frames were aligned by MotionCorr2 ([@R46]) without binning, followed by contrast transfer function estimation with CTFFIND4 ([@R47]). For INX-6ΔN in nanodiscs, the total number of picked particles was 138,502 from 300 micrographs. 2D classification selected 88,379 particles, and finally 54,536 particles were fractioned in one of the three classes by 3D classification. 3D autorefinement produced a map at 4.0 Å resolution followed by postprocessing with masking, resulting in a map with 3.6 Å resolution. For WT INX-6 in detergent, a total of 192,550 particles were picked from 497 micrographs, and 93,860 particles were selected by 2D classification and were fractionated into four classes, one of which contained 66,811 particles. 3D autorefinement produced a map at 4.2 Å resolution, and the postprocessed map had a resolution of 3.8 Å. The local resolution maps were calculated on ResMap ([@R50]).

Model building of the undocked INX-6 hemichannels
-------------------------------------------------

The atomic model of Protein Data Bank (PDB) code 5H1Q that we reported previously was used as an initial model of the undocked INX-6 hemichannels. The disordered regions in E1 and E2 were eliminated, and the N-terminal regions were manually modified on COOT ([@R51]). For the WT INX-6 in nanodiscs, the N-terminal helices were placed on density X inside the pore as a representative. As mentioned in the text, however, the strong density Y between the adjacent subunits may represent the probability of the N terminus based on the clear difference from the INX-6ΔN map. The models were refined on PHENIX ([@R52]). The real-space refine function was used in combination with restraint about the secondary structure and noncrystallographic symmetry, and the COOT/PHENIX refinement was iterated until the refinements converged. Last, the statistics calculated using MolProbity ([@R53]) were checked. The pore size for WT INX-6 in detergent was calculated using HOLE ([@R54]). The statistical surface potential map was generated using APBS ([@R55]). Figures were drawn with the PyMOL Molecular Graphics System (Schrödinger) and UCSF Chimera ([@R56]).

MD simulations of the undocked INX-6 hemichannels
-------------------------------------------------

The structures of the undocked INX-6 hemichannels (WT in detergent, WT in a nanodisc, and INX-6ΔN in a nanodisc) were embedded with VMD 1.9.3 ([@R57]) in solvated lipid bilayers comprising 447 to 490 POPC molecules, \~100 mM KCl, and 72,000 to 76,000 water molecules. The spatial arrangement of the proteins in the lipid bilayer was determined by referring to the data of the docked INX-6 gap junction channel (PDB ID: 5H1R) in the OPM (orientation of protein in membrane) database. In the WT-in-detergent model, lipid molecules were removed from the pore and water molecules were placed there instead. In the WT-in-nanodisc and INX-6ΔN--in--nanodisc models, lipid molecules were retained in the pores. For the WT-in-detergent model, the system was first energy-minimized and then equilibrated at 300 K and 1 × 10^5^ bar in three consecutive runs of 500-ps MD simulations. In the first run, only non-protein atoms were allowed to move. In the second and third runs, position restraints with a force constant of 1 kcal mol^−1^ Å^−2^ were imposed on all the protein atoms and on only the Cα atoms, respectively. Last, a 100-ns MD simulation was performed without restraints. For the WT-in-nanodisc model, only the atoms of the fatty acid parts of the lipid were allowed to move in the first equilibration run. In the second run, the position restraints were imposed on all the protein atoms and the phosphorus atoms of the lipids in the pore. In the third run, they were imposed on only the Cα atoms. After the equilibration MD runs, a space was formed in the lipid bilayer in the pore because the lipid molecules moved to form closer interactions with the protein or with other lipid molecules. Lipid molecules were inserted into the space from a preequilibrated lipid bilayer model, and water molecules that overlapped with the inserted lipid molecules were removed. The equilibration-insertion process was repeated three times. The system was equilibrated again, and a 100-ns unrestrained MD simulation was performed. For the INX-6ΔN--in--nanodisc model, the equilibration-insertion process was repeated four times. The system was equilibrated again, and an MD simulation was performed without restraints. We found, however, that a space was formed in the lipid bilayer in the pore in 20 ns. Therefore, we inserted lipid molecules into the space and equilibrated the system. Then, a 100-ns unrestrained MD simulation was performed.

The CHARMM36m force-field parameters ([@R58]) were used for the protein, lipid, and ions. The TIP3P model ([@R59]) was used for water. The temperature was controlled with the Langevin dynamics method ([@R60], [@R61]). The pressure was regulated with the Langevin piston method ([@R62]). Bond lengths involving hydrogen atoms were constrained using the SHAKE algorithm ([@R63], [@R64]) to allow the use of a large time step (2 fs). Electrostatic interactions were calculated with the particle mesh Ewald method ([@R65], [@R66]). All MD simulations were performed with NAMD 2.12 ([@R67]), with coordinates recorded every 10 ps.

Voltage-clamp recording with a single Xenopus oocyte for INX-6 hemichannels
---------------------------------------------------------------------------

A series of N-terminal deletion mutants (ΔN2-3, ΔN2-6, and ΔN2-19) of INX-6 was generated according to the PrimeSTAR Mutagenesis Basal Kit protocol (Takara). Complementary DNAs (cDNAs) for INX-6 and its mutants were cloned into pGEM-HeFx plasmids ([@R68]). The plasmids were linearized using restriction enzymes and then applied to an RNA preparation kit (T7 mMESSAGE mMACHINE; Ambion) according to the manufacturer's protocol. An adult *Xenopus laevis* female was anesthetized with MS-222 (Merck), and the ovarian lobes were collected using a surgical knife and forceps. The eggs were treated with collagenase solution (1 mg ml^−1^ collagenase type I, Life Technologies) in OR2 buffer (82.5 mM NaCl, 2 mM KCl, 1 mM MgCl~2~, and 5 mM Hepes, adjusted to pH 7.5 using NaOH) at 18°C for 1.5 hours. Stage V and VI oocytes were collected manually and used for cRNA injection. cRNA (10 ng) was coinjected with antisense oligonucleotide DNA for Xenopus *cx38* (10 ng) into Xenopus oocytes. For the negative control, only antisense oligonucleotide was injected. Oocytes injected with cRNA were incubated for 3 days at 18°C in ND96 buffer (93.5 mM NaCl, 2 mM KCl, 1.8 mM MgCl~2~, 2 mM MgCl~2~, and 5 mM Hepes, adjusted to pH 7.5 using NaOH). Hemichannel currents were recorded from a single oocyte using Multi-Electrode Clamp Amplifier iTEV90. Current and voltage electrodes were prepared with a micropipette puller (P-1000, Sutter Instrument) to obtain a resistance of 0.5 to 1.0 megohm when filled with an internal solution containing 3 M KCl, 10 mM ethylene glycol tetraacetic acid (EGTA), and 10 mM Hepes, adjusted to pH 7.4 using KOH. Modified ND96 solution without CaCl~2~ was used as the bath solution. To obtain the hemichannel current, the cells were initially clamped at −40 mV and then subjected to 5-s voltage steps from −30 to +50 mV in 10-mV increments.

Fluorescent microscopy of GFP-tagged INX-6 in Xenopus oocytes
-------------------------------------------------------------

WT and ΔN2-19 INX-6 containing GFP plus an 8×-histidine tag at the C terminus were subcloned into pGEM-HeFx and expressed in Xenopus oocytes by cRNA injection as described above. Uninjected oocytes were used for negative control. To examine whether ΔN2-19 blocks trafficking of WT, INX-6ΔN2-19 without tag was coexpressed with WT INX-6-GFP. Oocytes expressing INX6 proteins were washed with phosphate-buffered saline (PBS) and embedded with optimal cutting temperature (OCT) compound, and the frozen sections were prepared. Fluorescent micrographs were recorded using a BZ-X700 microscope (KEYENCE). To distinguish GFP signals at the plasma membrane from yolk autofluorescence, we used a color camera along with a GFP longpass filter.

Supplementary Material
======================

###### http://advances.sciencemag.org/cgi/content/full/6/7/eaax3157/DC1

###### Download PDF

###### Cryo-EM structures of undocked innexin-6 hemichannels in phospholipids

We thank K. Kobayashi and H. Iwao (JEOL) for maintaining the electron microscopes and G. Christoph (Osaka University) for critical reading. We thank H. Hirano (Nagoya University) for cell culture and assistance for the biochemical experiments. **Funding:** This work was supported by Grants-in-Aid for Scientific Research (S), the Japan New Energy and Industrial Technology Development Organization (NEDO), and the Japan Agency for Medical Research and Development (AMED) (Y.F.); Grants-in-Aid for Scientific Research (B) under grant number JP17H03683 (M.W.), Challenging Research (Exploratory) (K.T.); the Platform Project for Supporting Drug Discovery and Life Science Research \[Basis for Supporting Innovative Drug Discovery and Life Science Research (BINDS)\] from AMED under grant numbers JP19am0101118 (K.T.), JP19am0101107 (*support number 1380*) (T.T.), and JP19ae0101050s0202 and JP19am0101074 (A.O.); Grants-in-Aid for Scientific Research (C) under grant number JP16K07266 (A.O.); and Grants-in-Aid for Scientific Research (B) under grant number JP19H03165 (A.O.). **Author contributions:** B.B. and R.S. expressed and purified the proteins and generated the nanodisc reconstitution; B.B., R.S., and A.O. collected cryo-EM data; A.O. and K.T. processed cryo-EM images; K.T. performed model building and refinement; M.W. measured channel activity with electrophysiology; T.T. performed the MD simulations; A.O. designed and supervised the research; and all authors contributed to writing the paper. **Competing interests:** The authors declare that they have no competing interests. **Data and materials availability:** All data needed to evaluate the conclusions in the paper are present in the paper and/or the Supplementary Materials. Additional data related to this paper may be requested from the authors. Requests for the MSP2N2 plasmid should be submitted to Addgene. Cryo-EM density maps for undocked INX-6 hemichannels have been deposited in the EMDataBank (<http://emdatabank.org/>) under accession codes EMD-9971 (WT INX-6 in a nanodisc), EMD-9972 (WT INX-6 in detergent), and EMD-9973 (INX-6ΔN in a nanodisc). Atomic coordinates were deposited in the PDB under accession numbers 6KFF, 6KFG, and 6KFH. Cryo-EM images were deposited in the Electron Microscopy Pilot Image Archive (EMPIAR; [www.ebi.ac.uk/pdbe/emdb/empiar](http://www.ebi.ac.uk/pdbe/emdb/empiar)) with accession codes EMPIAR-10289, EMPIAR-10290, and EMPIAR-10291.

Supplementary material for this article is available at <http://advances.sciencemag.org/cgi/content/full/6/7/eaax3157/DC1>

Fig. S1. Cryo-EM of the undocked WT INX-6 hemichannel in a nanodisc.

Fig. S2. Comparison of INX-6 channels between docked and undocked forms focusing on extracellular domains and the pore pathway.

Fig. S3. Sequence alignment of INX-6 and docking interface residues.

Fig. S4. Cryo-EM of the undocked WT INX-6 hemichannel in detergent prepared by GraDeR.

Fig. S5. Cryo-EM of INX-6ΔN in an undocked hemichannel form in a nanodisc.

Fig. S6. MD simulations of the undocked INX-6 hemichannels.

Fig. S7. Fluorescent micrographs of INX-6 distribution on Xenopus oocytes.

Table S1. Summary of data and statistics of the undocked INX-6 hemichannel structure determination.

Reference ([@R69])

[View/request a protocol for this paper from *Bio-protocol*](https://en.bio-protocol.org/rap.aspx?eid=10.1126/sciadv.aax3157).

[^1]: Present address: Graduate School of Medicine, Mie University, 2-174 Edobashi, Tsu, Mie 514-8507, Japan.

[^2]: Present address: Advanced Research Institute, Tokyo Medical and Dental University, 1-5-45 Yushima, Bunkyo-ku, Tokyo 113-8510, Japan.
